ABSTRACT: Reliable estimates of N excretion in the urine and feces of beef cattle are essential for developing cost-effective and environmentally sound nutrient management plans. A meta-analysis dataset was compiled that included data for starting live BW, DMI, N intake, dietary CP and RDP concentrations, urine N excretion, and feces N excretion. The data were taken from 12 individual feeding trials that included N balance data, and represented a total of 47 different dietary treatments and 255 animals. Correlation analysis was used to determine the animal and dietary parameters that were most closely related to N excretion in urine and feces by beef cattle. A multivariate mixed modeling approach was used to develop empirical equations to predict excretion of urine N, feces N, and the partitioning of total N excretion between urine and feces, as a function of N intake and the concentration of dietary CP. Univariate, regression, and mean difference comparisons indicated 46 to 95% agreement between observed and predicted values for the developed equations. Evaluation of the equations with an independent dataset taken from 6 studies, and 2 random subsets of the meta-analysis dataset showed moderate agreement (P < 0.05, r 2 = 0.34 to 0.86) for urine N excretion as a function of both N intake and %CP, and the partitioning of total N excretion into urine as a function of %CP. There was less agreement between predictions and observations for feces N excretion as a function of %CP (r 2 = 0.003 to 0.14) than N intake (r 2 = 0.52 to 0.75), indicating that %CP is not a good predictor of fecal N excretion. The empirical equations provide a simple tool that, if used with caution, could predict N excretion characteristics for a wide range of dietary and animal characteristics and could improve ammonia emissions estimates by process-based models.
INTRODUCTION
Estimates of N excretion by beef cattle are required for reporting feedyard ammonia (NH 3 ) emissions (USEPA, 2008) and for developing nutrient management plans that minimize the loss of fertilizer N. The specific form in which N is excreted is important in estimating NH 3 fluxes, as urinary urea is rapidly hydrolyzed to ammonium (NH 4 + ) by the urease enzyme (Muck and Richards, 1983) . In contrast, fecal NH 3 production is generally low due to slow mineralization rates of organic nitrogenous compounds (Muck and Steenhuis, 1982) . The partitioning of excreted N into feces and urine is largely dependent on diet, and up to 75% of excreted N can be in urine when high-protein, high-concentrate diets are fed (Swensson, 2003; Cole et al., 2005; Hristov et al., 2011) .
A number of equations predict N excretion by dairy cattle (Castillo et al., 2000; Kebreab et al., 2001 ; Nennich 1 Mention of trade names or commercial products in this manuscript is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the USDA. 2 The USDA prohibits discrimination in all its programs and activities on the basis of race, color, national origin, age, disability, and where applicable, sex, marital status, parental status, religion, sexual orientation, genetic information, political beliefs, reprisal, or because all or part of an individual's income is derived from any public assistance program. (Not all prohibited bases apply to all programs.) Persons with disabilities who require alternative means for communication of program information (Braille, large print, audiotape, etc.) should contact USDA's TARGET Center at (202) 720-2600 (voice and TDD).
To file a complaint of discrimination, write to USDA, Director, Office of Civil Rights, 1400 Independence Avenue, S.W., Washington, DC.et al., 2005) . Much less is known about the relationships between beef cattle nutrition and N excretion. Yan et al. (2007) and Hirooka (2010) developed prediction equations for N excretion by beef cattle; however, these studies were conducted with Japanese and European cattle and may not be representative of dietary and animal characteristics in the United States. Accurate information regarding N excretion could assist feedyard managers with NH 3 emissions reporting, improve models for prediction of NH 3 fluxes, help develop reasonable regulatory policies, and identify management practices that reduce the impact of beef feeding operations on the environment.
Our objectives were to examine the effects of dietary and animal factors on N excretion and partitioning by growing and finishing beef cattle. We hypothesized that daily excretion of urine and fecal N could be predicted based on only a few parameters, such as %CP in the diet and daily N intake. The intent was to develop a suite of robust equations that would be useful for prediction of urine and feces N excretion by beef animals.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not required for this study because the data were obtained from published research, as described in the next section.
The Dataset
Published data were collected from 12 individual feeding and N balance studies conducted on beef cattle in the United States, Belgium, and Brazil. From these studies, we extracted data on diet composition, dietary CP (% DM), dietary RDP (% DM), DMI (kg·d -1 ), N intake (g·d -1 ), starting BW (kg), and N excretion as urine N and feces N (g·d -1 ). The resulting dataset consisted of treatment averages from a total of 47 dietary treatments, and included 255 animals or replicate feedyard pens. Details of the specific studies are summarized in Table 1 . There was a wide range of management and cattle characteristics (breed, BW, sex) within the dataset, as our goal was to produce robust prediction equations that were flexible enough to encompass differences inherent to large commercial feedyards and that would also be valid for smaller farms. The principal unifying factor was that all of the selected studies were conducted on beef cattle, the majority of which were managed similarly to commercial feedyard practices (e.g., fed high concentrate diets, fed ionophores, and given growth promoting implants). Among the studies, there were variations in starting BW (237 to 632 kg) and breed of animals (crossbred, Belgian Blue-White, Brazilian Nellore). The animals in the selected studies received diets that had variations in feedstuff composition and ruminal protein degradability. The studies conducted in the United States and Brazil (Eisemann et al., 1989; Véras et al., 2007; Cole and Todd, 2009; Spiehs and Varel, 2009; Vasconcelos et al., 2009; Cole et al., 2011; Luebbe et al., 2011) were largely based on corn (corn starch, dry-rolled corn, or steam-flaked corn) as the primary energy source. However, some U.S. studies included other feedstuffs, such as ground wheat, soybean hulls, and corn or sorghum wet distillers grains plus solubles (WDGS; Spiehs and Varel, 2009; Waggoner et al., 2009a; Cole et al., 2011; Luebbe et al., 2011) . In general, the diets in these studies contained approximately 80% concentrate and 8 to 16% roughage in the form of hay or silage, with cottonseed meal, soybean meal and/or urea added as a source of protein. When included, corn WDGS or sorghum WDGS were incorporated at 5 to 60% of diet DM (Spiehs and Varel, 2009; Cole et al., 2011; Luebbe et al., 2011) . Two of the studies (Fiems et al., 1997; Valkeners et al., 2008) were conducted with Continental cattle (Belgian Blue-White) fed diets based largely on corn silage and sugarbeet pulp, with cattle receiving 50 to 60% roughage.
Digestibility Measurements and N Balance Methodology
Typically, digestibility studies involve housing animals in individual metabolism pens where total intake and excretion parameters can be directly measured for a short period of time. Total feed intake, and total feces and urine output are recorded daily, with representative samples taken for nutrient analysis. However, in the studies used for this meta-analysis, there were variations in sampling methodology and calculation of N balance (Table 1) . Some studies collected total feces and total urine with direct measurement of N content and mass of the 2 excreted fractions, but some studies sampled feces and urine and calculated N excretion based on an algorithm or inclusion of a marker. One study (Cole and Todd, 2009 ) collected fresh feces and mature pen surface samples from feedyard pens containing multiple animals at a stocking density of around 15 m 2 •head -1 . The diet and manure were analyzed for N content, and fecal N excretion was calculated from daily N intake and diet digestibility data. Urine N excretion was calculated as the difference between N intake, feces N excretion, and N retained.
Within the dataset, the data for each variable were examined for normality using the Shapiro-Wilk W statistic, and summary statistics were determined with Systat version 13 (Systat Software, Inc., Chicago, IL). The treatments were also grouped into 3 subsets, where 1) cattle were fed diets composed of common U.S. feedstuffs, such as steam-flaked or dry-rolled corn (Table 1) , 2) treatments where diets contained the NRC recommended level of CP (12.5 to 13.5% CP; National Research Council, 2000), and 3) treatments that included WDGS as a feedstuff. The PROC GLM procedure (SAS Inst. Inc., Cary, NC) procedure was used to determine the significance of differences in DMI, daily N intake, dietary %CP, dietary %RDP, and daily urine N and feces N excretion between the entire dataset and the 3 data subsets.
Equation Development
As variance estimates were not available for all parameters included in the meta-analysis dataset, an ad hoc weighting strategy was applied to normalize for differences in accuracy between studies. The weighting factor for each treatment was based on the ratio of total observations (n = 255) to number of replications per treatment (n = 2 to 9). Weighted correlation analysis with Pearson's productmoment correlation coefficients was conducted to identify relationships between variables and determine potentially good parameters for modeling N excretion.
Equations to predict N excretion in urine and feces, and the proportion of total N excreted as urine N, were developed from the dataset using the MIXED procedure (SAS Inst. Inc., Cary, NC). Because observations within studies have more in common than observations across studies, study was included in the CLASS statement and analyzed as a blocking effect (St. Pierre, 2001 ). In addition, inclusion of study as a random effect partially accounted for methodology-based differences in reported N excretion among studies. The variance-(co) variance matrix of the random factors in the model was set as variance components. Because we were primarily interested in developing equations to predict N excretion based largely on N intake or %CP in diet, either N intake or %CP and all other independent variables were included in the initial model analyses. Final equations were selected by multiple regressions, where equations Total feces production estimated with internal marker. 1 n = total number of replications (animals or feedyard pens) included in study.
were subsequently reduced in a stepwise fashion by manually removing nonsignificant variables (P ≥ 0.10).
Equation Evaluation
The performance of the equations developed using mixed model analysis was evaluated by the difference between equation-predicted and observed values using linear regression and a suite of summary univariate and difference measures as described by Willmott (1982 Willmott ( , 1984 . The r 2 value and intercepts that are shown in tables and figures are approximations of precision and accuracy, respectively, obtained by least-squares linear regression of observed values against predictions made by the developed equations. The absolute mean difference between observed and equation-predicted values was determined by the root mean square error (RMSE) and the mean absolute error (MAE), which were calculated using the following equations:
and
where N is the number of cases, and P i and O i are the individual observations of the equation-predicted and observed variables being compared. Regarding absolute mean differences, RMSE is used to evaluate model performance and is considered an acceptable conservative indicator of the difference; however, the calculation for MAE does not include artificial exponentiation, which makes MAE less sensitive to extreme values than RMSE (Willmott, 1984) . The average absolute differences between predicted and observed values were further characterized into "systematic" (RMSE s ) and "unsystematic" (RMSE u ) sources of error, where
The parameters a and b are the intercept and slope parameters, respectively, determined by simple linear regression between observations and predictions. We then calculated RMSE u as the difference between squared RMSE and RMSE s with the equation:
According to Willmott (1984) , a "good" model explains most of the systematic variation in observations; thus, low RMSE s accompanied by RMSE u that approaches the magnitude of RMSE is indicative of acceptable model predictions.
The relative (unbounded) differences between predictions and observed values were determined by RMSE divided by the mean of observed values, O . In addition, the overall-relative degree to which observed values approached predictions was determined by the dimensionless, bounded index of agreement (IA), which was calculated according to Willmott et al. (1982) as:
where P i , O i , and O were as previously described. Perfect agreement is indicated by an IA value of 1.0, and 0.0 indicates complete disagreement. Bias was determined by the mean bias error (MBE), which was calculated as:
An independent evaluation of the prediction equations was conducted by compiling a second dataset from 6 published studies (18 dietary treatments) that were not included in the meta-analysis dataset (Bierman et al., 1999; Devant et al., 2000; Archibeque et al., 2001 Archibeque et al., , 2002 Theurer et al., 2002; Waggoner et al., 2009b) . In addition, 2 smaller data subsets were created from the meta-analysis dataset, each containing a randomly selected portion (25%) of the dietary treatments, which were used to further evaluate the prediction equations. Prediction accuracy was then determined using linear, least-squares regression analysis and the previously described univariate and difference measurements.
RESULTS AND DISCUSSION

Nitrogen Intake and Excretion
Treatment means and statistics on the data included in this meta-analysis are presented in Table 2 . The average DMI for the cattle in this dataset was 7 kg·d -1 , and ranged from 4 to 10 kg DM·d -1 . The greatest DMI was by mature double-muscled Belgian Blue-White bulls (~600 kg; Fiems et al., 1997) , and the least was by crossbred cattle fed a diet containing WDGS and that had 25% CP (Spiehs and Varel, 2009) . Looking only at studies that used feedstuffs common to the United States or included WDGS, we found that DMI did not differ significantly from the overall average (P = 0.89). In addition, treatment means for cattle fed within the range of the NRC recommended protein level (12.5 to 13.5%; National Research Council, 2000) did not differ from the mean DMI from all studies in the dataset (P = 0.31). Although the DMI in Table 2 may seem slightly low compared with daily DMI of commercial feedyard cattle, it is important to remember that the majority of the N balance studies in the dataset involved housing and feeding of cattle in individual metabolism stalls, which would likely result in less DMI than in pen situations using ad libitum bunk feeding. As an example, Luebbe et al. (2011) conducted 2 simultaneous feeding studies with crossbred beef cattle: 1) a performance study with cattle housed in group pens containing about 12 animals each, and 2) a N balance study with animals in individual pens. Cattle in the performance study had an average daily DMI of 11.3 kg•d -1 , which is typical for finishing cattle in commercial feedyards, compared with an average DMI of 9.3 kg•d -1 by cattle fed identical diets in the N balance study (Luebbe et al., 2011) .
The CP in the diets ranged from 7 to 25%, and averaged 14% CP. The greatest CP concentration was from the study by Spiehs and Varel (2009) , who added WDGS at 60% of DM to a dry-rolled corn-based diet, whereas the least CP concentration was for a corn silage and corn starch-based diet (Véras et al., 2007) . The average dietary CP concentration in studies that fed typical U.S. feedstuffs, including WDGS, was 15%; however, this value was not statistically different (P = 0.33) from the mean for all studies in the dataset. There was a large range in daily N intake, from 51 to 309 g N·d -1 , with an average of 162 g N·d -1 . Similar to observations on DMI and CP, there was no significant difference (P > 0.05) in the average N intake from all the studies in the dataset and cattle fed typical U.S. feedstuffs, WDGS, or receiving 12.5 to 13.5% CP.
The degradability of protein in the rumen can influence N excretion, and feedstuffs with a lower concentration of RDP as %CP, such as WDGS, may lead to decreased urine N excretion, likely due to decreases in duodenal flow of bacterial N and ruminal OM fermentation (Köster et al., 1996; Luebbe et al., 2011) . Concentrations of RDP in the dataset ranged from 4 to 13%, with an average of 8 ± 3% RDP. There was no difference (P > 0.05) in RDP concentrations between the entire dataset, and diets that incorporated typical U.S. feedstuffs or fed at the NRC recommended CP level. However, diets that incorporated WDGS tended to have lower RDP concentrations, averaging 6 ± 1% DM.
The quantity of total N excretion (feces N + urine N) ranged from 48 to 217 g • d -1 (Table 2) Feces N excretion was greatest by mature normalmuscled Belgian Blue-White bulls (Fiems et al., 1997) , and least from growing crossbred cattle (Archibeque et al., 2007; Waggoner et al., 2009a) . Looking only at data collected from cattle fed typical U.S. feedstuffs or WDGS, the average daily feces N was approximately 50 g·animal -1 ; whereas, feces N excretion by cattle fed the NRC recommended %CP averaged 55 g N·animal -1 , but the difference was not statistically significant (P = 0.08). Within the dataset, daily urine N excretion averaged 68 g·d -1 , with a range of 12 to 154 g N·d -1 . As with most of the other variables in the analysis, urine N excretion did not differ significantly (P > 0.05) when the analysis was limited to U.S. feedstuffs, included WDGS, or when CP was within the NRC recommended concentration range. The proportion of total excreted N that was in urine ranged from 24 to 71%, with an average of 57%. As with all other variables, there was no difference (P > 0.05) in the proportion of urine N in studies that used typical U.S. feedstuffs, included WDGS, or fed 12.5 to 13.5% CP.
Relationships between N Excretion and Animal or Dietary Variables
Weighted correlation analysis revealed that urine N excretion, feces N excretion, and the partitioning of N excretion between urine and feces were more highly related to N intake (P < 0.001) than to %CP in diet, %RDP in diet, BW, DMI, or inclusion of WDGS in the diet (Table 3) . Neither the inclusion of WDGS or diet %RDP was significantly (P > 0.05) correlated to any of the N excretion variables. Diet %CP had high positive correlation with urine and feces N excretion and the partitioning of N excretion (P < 0.001). Daily DMI and BW were also correlated with all N excretion variables (DMI, P < 0.01; live BW, P < 0.05), and feces N excretion was slightly more correlated with BW (r = 0.65, P < 0.001) and DMI (r = 0.68, P < 0.001) than %CP (r = 0.62, P < 0.001).
Although daily N intake by beef cattle and concentration of CP in the animal diet are related variables, the relationship between the 2 is complex because of many factors, including ruminal degradability of the protein source (Galyean, 1996; Milton et al., 1997) . For example, Milton et al. (1997) fed dry-rolled corn-based diets containing 12 and 14% CP, supplemented with either urea or soybean meal, to finishing steers for 132 d. In this study (Milton et al., 1997) , DMI was similar for both soybean meal and urea supplemented diets containing 12% CP; however, at the 14% CP level, DMI was about 7% greater for diets supplemented with soybean meal than urea. As DMI is directly related to N intake, and CP source and concentration can influence DMI, it is clear that N intake will not necessarily be linearly related to %CP. As our objective was to develop simple empirical equations that would be useful for improving NH 3 emissions estimates, N intake and %CP were selected as the primary variables for modeling urine N excretion and the partitioning of excreted N into urine and feces.
Estimation of N Output and Partitioning of Excreted N as a Function of N Intake
The effect of dietary N intake on the amount of N excreted in the urine of beef cattle is presented in Fig. 1a . Based on this data, 2 equations were developed to predict urinary N excretion as a function of daily N intake: N urine = 0.62(N intake ) -3.72(DMI) -3.93 [7] N urine = 0.56(N intake ) -21.18 [8] where N urine is the urine N excretion rate (g·d -1 ), DMI is daily DMI (kg·d -1 ), and N intake is the rate of N consumption on a DM basis (g·d -1 ). The variables BW and %RDP were not significant (P > 0.1) in the mixed model analysis and were removed during the backwardselimination process.
Comparison of predicted values produced with Eq. [7 and 8] to observed values for N urine with regression analysis is shown in Fig. 1b The slopes of Eq. [7 and 8] propose that there will be an increase in urine N excretion of about 0.6 g N·d -1 for every gram of N consumed. With these equations, urine N excretion can be predicted as a function of daily N intake by beef cattle at various stages of production and consuming a wide range of feedstuffs. Furthermore, these equations can help evaluate how management decisions will influence on-farm nutrient balances and the potential for NH 3 loss. As an example, cattle within the dataset that were fed at the NRC recommended %CP (12.5 to 13.5% CP) had an average N intake of 159 g•d -1 and an urine N excretion rate of 61 g·d -1 (Table 2) . Using Eq. [7] and Eq. [8], we can predict that increasing N intake from 159 to 200 g·d -1 , and assuming a DMI of 7.4 kg·d -1 for the greater N intake, would result in urine N excretion of 93 g·d -1 (Eq. [7] ) and 91 g·d -1 (Eq. [8] ). This is equivalent to approximately a 50% increase in the proportion of excreted N vulnerable to loss as NH 3 as compared with situations in which cattle are fed N at the NRC recommendations. As there was no obvious benefit to including DMI in the prediction equation for urine N excretion as a function of N intake, all further analyses were conducted on the simpler equation of Eq. [8] .
The relationship between daily N intake and feces N excretion is shown in Fig. 1d . Based on these data, the equation developed to predict feces N excretion by beef cattle as a function of daily N intake was: N feces = 0.15(N intake ) + 24.28 [9] where N feces was the rate of fecal N excretion (g•d -1 ) and N intake was as previously described. None of the other parameters in the meta-analysis dataset were significant and were eliminated during equation development. Evaluation of performance with regression analysis revealed an r 2 of 0.61 (P = 7.51 × 10 -11 ; Fig. 1e , (Table 2) . Due to the greater environmental implications of excretion of N in urine than in feces, we were also interested in developing a third equation that would predict the partitioning of total excreted N into urine N as a function of N intake. The relationship between the measured values for N intake and the proportion of total excreted N as urine N in this meta-analysis is presented in Fig. 1f , where it is apparent that at N intakes below 100 g N·d -1 urine N comprised <50% of excreted N. However, as N intake increased, the proportion of urine N increased logarithmically (r 2 = 0.58), and at greater levels of N intake the proportion of urine N was as high as 71%.
Using mixed model analysis and backwardselimination of nonsignificant variables, the relationship between N intake (g·d -1 ) and the partitioning of total excreted N into urine N (N u-part ) was mathematically expressed as: N u-part = 0.0017(N intake ) + 0.290
[10]
Regression analysis indicated that within the range of our N intake values, estimates of N u-part produced Table 4 . Univariate, regression, and mean difference comparisons of beef cattle nitrogen excretion in urine (N urine ), feces (N feces ), and the proportion of total excreted nitrogen in urine (N u-part Proportion of excreted N in urine Regression Measures of difference with Eq.
[10] agreed with measured values (r 2 = 0.45, P = 3.01 × 10 -7 , SE = 0.05; Fig. 1 g, Table 4 ). The IA indicated 80% agreement between predictions and observations, the MBE was 0.016 and RMSE was 0.08 (Table 4) . Most of the error associated with this equation for N excretion in feces was unsystematic, with RMSE u of 0.06 and RMSE s of 0.05 (data not shown).
Within this dataset, the average urine N partitioning for beef cattle fed the NRC recommended %CP was 0.52, but ranged from 0.37 to 0.66 (Table 2 ). Revisiting the example of an increase in N intake from 159 to 200 g·d -1 , it can be predicted with Eq.
[10] that 63% of the total excreted N will be in urine at the greater feeding level, which is 21% greater than partitioning of 0.52 at NRC recommendations ( Table 2) .
Estimation of N Output and Partitioning of Excreted N as a Function of Dietary CP Concentration
The effect of the concentration of dietary CP on the amount of N excreted in the urine of beef cattle is presented in Fig. 2a . Based on these data, mixed model analysis was used to develop this empirical prediction equation for daily N excretion in urine of a beef animal as a function of %CP in the diet: N urine = 5.91(CP) -21.52 [11] where N urine is the urine N excretion rate (g N•d -1 ), and CP is the percentage of the diet (DM) that is CP (%). With Eq.
[11], the average predicted urine N excretion ( P ) was 63 ± 18 g N•d -1 , and was not significantly different from O (P > 0.05; Table 4), or from P produced by the previously discussed Eq. [7 and 8] for N urine as a function of N intake (P > 0.05). Regression analysis for Eq. [11] showed no significant difference (P = 2.8 × 10 -9 ) between predicted and observed values, with an r 2 of 0.55 (Fig.  2b, Table 4 ). The IA for Eq. [11] indicated an overall 79% agreement between predicted and observed values, which is lower than the 92 and 95% agreement found with Eq. [7 and 8], respectively (Table 4 ). There was also more error associated with predictions made by Eq.
[11] than with Eq. [7 and 8], as indicated by greater MAE and RMSE. Most of the error was found to be systematic, with RMSE s of 17.6 g N•d -1 and RMSE u of 11.8 g N•d -1 (data not shown). However, the AIC for Eq. [11] was slightly less than that of Eq. [8] . The MBE for the model was -4.78 g N·d -1 . Thus, although N intake is an overall better modeling parameter for N urine than CP, all 3 of the developed equations had greater than 79% accuracy at predicting urine N excretion by beef cattle. Equation [11] is more advantageous from a modeling standpoint than Eq. [7 and 8] , as the level of daily N consumption by cattle can vary; however, %CP can be readily calculated if the feedstuff composition of the diet is known, or can be directly determined by chemical analysis.
The feeding of WDGS is becoming common at commercial feedyards, and diets that contain 45% WDGS can contain as much as 20% CP (Luebbe et al., 2011) . Equation [11] predicts that feeding 45% WDGS will result in urine N excretion that is 79% greater than when cattle are fed at the NRC recommended concentration, with a predicted excretion rate of 97 g N·d -1 for a 20% CP diet as compared with the lower rate of 61 g·d -1 observed for cattle fed diets at the 12.5 to 13.5% CP level ( Table 2) .
The relationship between dietary CP concentration and feces N excretion is presented in Fig. 2c , and as evidenced by the data, there was no clear relationship between the 2 variables. A mixed model analysis was conducted with %CP, DMI, BW, and %RDP as variables; however, only %CP was found to be significant. The final equation for prediction of N excretion as a function of %CP in the diet was: N feces = 1.165(CP) + 30.91 [12] where N feces was feces N excretion (g·d -1 ) and CP was as previously described. The statistics for equation evaluation are presented in Table 4 and Fig. 2d , and indicate poor fit with only 46% agreement between predictions and observations, and a low r 2 of only 0.169 (P = 0.004). Feces N excretion was better modeled as a function of N intake with Eq.
[9] than CP in Eq.
[12]. The MBE was -2.81 g N·d -1 , and most of the error associated with the equation was systematic (RMSE s = 9.63 g N·d -1 ; data not shown). With this equation, the approximate effects of changes in dietary CP concentration on feces N excretion could be evaluated; however, caution should be exercised due to the large degree of error associated with predictions made by Eq. [12] . For example, it can be calculated that increasing CP from NRC recommendations to 20% CP will not increase feces N excretion significantly as compared with animals fed the recommended CP level (Table 2) , with predicted excretion of around 54 g·d -1 of feces N per animal. The effects of dietary CP on the partitioning of total excreted N as urine N was also evaluated, indicating that more than 50% of total excreted N is in urine when the diet contains more than 11% CP (Fig. 2e) . The relationship between dietary CP concentration and the partitioning of excreted N was modeled by this equation: N u-part = 0.018(CP) + 0.288 [13] Where N u-part was the proportion of total excreted N in the form of urine N, and CP was as previously described. Evaluation of performance of Eq.
[13] indicates moderate fit, with measures of difference and regression analysis statistics very close to those of the estimates produced by Eq. [10] for N u-part as a function of N intake (Fig. 2f , Table 4 ). The IA indicated 73% agreement between predicted and observed values, with a RMSE of 0.077. The MBE was -0.005 g N·d -1 .
Ohlsson and Kristensen (1998) identified a linear relationship between dietary CP concentration and partitioning of excreted N into urine and feces by Danish dairy cattle, with urinary N comprising only 25 and 50% of excreted N in urine with diets containing 11 and 18% CP, respectively. However, this meta-analysis indicates that the partitioning of excreted N is different for dairy cows than beef cattle, and that urine N excretion by growing beef cattle will be greater than from milkproducing animals fed at the same protein level. From Eq.
[13] it can be calculated that 65% of total excreted N will be in urine when a 20% CP diet is fed to beef cattle. In comparison, 52% of excreted N is in urine when fed at the NRC recommended CP concentration (Table 2 ). Some process-based models for determining emissions from animal agriculture incorporate a standard assumption that all excreted N is partitioned equivalently into feces and urine (Li et al., 2012) . This current work shows that the assumption of equal partitioning is only valid for a very narrow range of N intake levels, and at lower levels of N intake or at CP concentrations below 11%, the standard 50:50 partitioning can overestimate urine N excretion by as much as 50%. In addition, when the diet contains more than 14% CP, models that assume equivalent partitioning may underestimate urine N by as much as 44%. With Eq. [10 and 13] the partitioning of excreted N into urine and feces can be better defined, thus improving the accuracy of process-based models for estimating NH 3 emissions.
Validation of Prediction Equations for N Excretion
The predictions of the developed equations (Eq. [8 to 13]) were compared with an additional, independent dataset, and with 2 random subsets of the meta-analysis dataset. Results of this validation are presented in Table 5 (a through c). For all 3 datasets, urine N was best predicted by Eq. [8] with N intake as the input parameter, with 78 to 95% agreement. When CP was used as the input parameter, Eq. [11] produced predictions with 49 to 81% agreement with the 3 datasets. Regression analysis indicated good agreement (P < 0.05) between predictions and observations of urine N excretion for all 3 datasets. Feces N excretion was best predicted for all 3 datasets as a function of N intake by Eq. [9] (P < 0.01), with 74 to 84% agreement. Predictions made by Eq. [12] for feces N excretion as a function of dietary %CP did not agree well (P > 0.05) with observations from any of the 3 datasets, indicating that this equation is likely not good for predicting feces N excretion by beef cattle.
The partitioning of total excreted N into urine was best predicted by Eq.
[13] (P < 0.05), where agreement between predictions and observed values for the independent dataset (Table 5a ) and data subsets (Tables 5b and 5c ) were 52 to 66%. There was slightly more agreement (70%) between model predictions for Subset 2 with Eq. [10] , where N partitioning was a function of N intake. Table 5 . Evaluation of models developed to predict beef cattle nitrogen excretion in urine (N urine ), feces (N feces ), and the proportion of total excreted nitrogen in urine (N u-part ), estimated as a function of nitrogen intake (N intake ) and dietary CP by comparison with (a) an independent dataset compiled from 6 studies, and (b, c) 2 random data subsets from the meta-analysis dataset 
Implications
Under the Emergency Planning and Community Right-to-know Act (EPCRA), the USEPA mandated that all large confined animal feeding operations (CAFO) must report NH 3 emissions of over 45 kg d -1 (USEPA, 2008) . Measured emission rates for beef cattle in the Southern High Plains have ranged from 68 to 149 g NH 3 -N·animal -1 ·d -1 (Todd et al., 2008 , which translates into a flux of 1,360 to 2,980 kg NH 3 ·d -1 for a 20,000-animal (1-time capacity) feedyard: more than an order of magnitude greater than the reporting requirement. As direct measurement of NH 3 flux from every beef operation is not feasible, there is a critical need for empirical or process-based models that include appropriate N excretion parameters for contemporary beef production systems. This type of tool will assist feedyard managers with emissions quantification and reporting, help develop reasonable regulatory policies, and identify management practices that reduce the impact of large-scale beef feeding operations on communities and the environment. Other studies have reported a strong relationship between dietary CP concentration and N excretion (Ohlsson and Kristensen, 1998) , and the inclusion of CP into a suite of other parameters can significantly improve model estimates for N feces (Yan et al., 2006) . However, to our knowledge, the current study represents the first attempt to model urine N and feces N excretion based solely on the dietary CP concentration.
Conclusions. This study compiled data from a wide range of beef production management systems and animal characteristics to produce a large dataset of dietary and N excretion parameters. Based on these data, a metaanalytical approach was used, and 8 empirical prediction equations were developed that estimate urine excretion, feces N excretion, and the partitioning of total N incretion into urine and feces, as a function of N intake and CP in the diet. An evaluation of the developed prediction equations against an independent dataset and 2 random subsets of the meta-analysis dataset showed that predictions made for urine N excretion as a function of N intake and dietary CP concentration compared well with observed values. The evaluation also indicated that the partitioning of total N excreted into urine and feces was best predicted as a function of dietary CP concentration. There was significantly less agreement between observations and predictions made for feces N excretion, particularly when %CP was used as the dependent variable.
Based on this work, we propose that when used with caution, these simple empirical equations and readily available data (% CP in diet, stocking density on farm, size of farm) can be used by a farm manager or extension specialist do easily predict the amount of N that will be excreted in a form vulnerable to loss as NH 3 . True NH 3 flux from beef cattle or other animal production systems is controlled not only by urine N excretion, but also involves a number of other factors, such as environmental temperature, wind speed, solution pH, and the dissociation of NH 4 + into NH 3 (Ni, 1999) . However, the equations developed in this study could be included as subcomponents of larger processbased models to produce more accurate NH 3 emission predictions for a wide range of beef production systems.
